This paper will begin with a classification of infrared sensing instruments by type and application, listing commercially available instruments, from single point thermal probes, to on -line control sensors, to high speed, high resolution imaging systems.
Thermal Viewers 2. Pyrovidicon Imagers 3. Thermal Raster Scanners Instrument Manufacturers
Particularly in Category A. there are many companies offering the same instrument under different private label arrangements. In order to avoid duplication, only the original manufacturer or prime distributor will be listed wherever possible.
The charts of Table 1 . provide a tabulation of all instruments known to the author on which descriptive literature was available at the time of preparation of this paper. Table 2 . is a listing of current addresses and phone numbers of equipment manufacturers listed in Table 1. Table 3 . is reprinted from paper 371 -03 (H. Kaplan, Thermosense V ) and summarizes proven industrial applications for thermal sensing and imaging instruments.. The following discussions will highlight the applications for which each instrument category and group is particularly suited based on configuration or performance characteristics.
The charts of Table 1 . provide a tabulation of all instruments known to the author on which descriptive literature was available at the time of preparation of this paper. Table 2 . is a listing of current addresses and phone numbers of equipment manufacturers listed in Table 1. Table 3 . is reprinted from paper 371-03 (H. Kaplan, Thermosense V ) and summarizes proven industrial applications for thermal sensing and imaging instruments.. The following discussions will highlight the applications for which each instrument category and group is particularly suited based on configuration or performance characteristics.
Discussion of Instruments
A. Spot Measuring
Probes
Temperature probes are the most recent addition to the spot measuring category. They are characterized by low price (from $350 to $1,000 ), pocket -portability and wide collecting angle.
They are battery powered and are generally optically preadjusted for minimum spot size at short working distance. A 4" spot at a 3/4" working distance is typical. Some models are designed to operate into a conventional multimeter and some incorporate their own readout box with an LCD display. They usually feature disposable batteries and some models have AC adapters. Temperature ranges are from about zero F. or slightly below to +500° F. and a sensitivity of 1° F. is easily achieved. Emissivity adjustments are not generally provided.
Probes are ideal for close -up measurements and find applications in circuit board analysis, trouble shooting of electrical connections, inspection of plumbing systems and, most recently, application to biological and medical studies.
Portable Hand -held
With few exceptions these instruments are pistol-shaped and designed for middle distance measurements. They are usually optically preadjusted for infinity focus. A typical 2 degree field of view resolves a 3" spot at a 60" working distance and a l' spot at a 30' working distance. Prices range from about $500 to more than $3,500. Sighting and aiming methods vary from simple aiming notches to enclosed illuminated reticles.
There are instruments with extremely narrow fields of view (0.5 °) that include a rifle stock and telescopic sight. Most instruments in this group incorporate emissivity adjustments and some include microcomputers with limited memory. Most are available with a recorder output, although this feature is seldom used. A meter is always provided and, with one exception that reads in BTU /Sq. Ft. /Hr., the readout is always in temperature units: Analog displays are still available, although decreasing in popularity. Digital readouts featuring LED's were first introduced about 7 years ago, but the LCD display, introduced more recently, is more in demand, mainly because its tiny power drain extends battery life. For this reason the more recent instruments offer replaceable rather than rechargeable batteries and battery life approaches one year. Most instruments in this group have zeroing adjustments, but some of the newer instruments include auto -zeroing features. Temperature ranges are, typically, from -20 to 2000° F. Temperature sensitivity and readability are usually 1° or 1% of scale, although sensitivities on the order of 0.1° F. are achievable.
This instrument group is particularly suited to applications where spot checking of target temperatures is sufficient and continuous monitoring is not required. A typical use would be for periodic maintenance checks of rotating machinery to detect bearings beginning to overheat. These instruments, over the past few years, have become an important part of many plant energy conservation programs, but are equally useful in checking mix temperatures of food products, cosmetics and industrial solvents. Although many of these instruments provide extremely accurate readings, this feature, like the recorder output, is less important to the user than repeatability, ruggedness, portability, reliability and ease of use.
On -line (Monitoring and Control)
The one feature that distinguishes this instrment group from the others is dedicated use. The instrument is generally mounted where it can measure the temperature of one specific target, and remains there for the life of the instrument or the process. With few exceptions, these instruments operate on line power. The output signal of the instrument can be observed on a meter, used to operate a switch or relay, feed a simple or sophisticated process control loop, or be used in any combination of these.
Early on -line instruments consisted of an optical sensing head and an electronics/ control readout unit at the other end of an interconnecting cable. This configuration still exists to a great extent, but many of the newer units feature sensing heads that are more stable electronically, and hence more independent of the remote control units. The trend is for these new sensors to mate with universal indicator /control units that accept inputs from all kinds of industrial sensors.
Because this instrument group is selected to perform a specific task, a "Shopping List" format is provided the customer by the manufacturer in order that all required features can be purchased.
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Probes
Temperature probes are the most recent addition to the spot measuring category. They are characterized by low price (from $350 to $1,000 ), pocket-portability and wide collecting angle. They are battery powered and are generally optically preadjusted for minimum spot size at short working distance. A V spot at a 3/4" working distance is typical. Some models are designed to operate into a conventional multimeter and some incorporate their own readout box with an LCD display. They usually feature disposable batteries and some models have AC adapters. Temperature ranges are from about zero F. or slightly below to +500° F. and a sensitivity of 1° F. is easily achieved. Emissivity adjustments are not generally provided.
Probes are ideal for close-up measurements and find applications in circuit board analysis, trouble shooting of electrical connections, inspection of plumbing systems and, most recently, application to biological and medical studies.
Portable Hand-held
VJith few exceptions these instruments are pistol-shaped and designed for middle distance measurements. They are usually optically preadjusted for infinity focus. A typical 2 degree field of view resolves a 3" spot at a 60" working distance and a I 1 spot at a 30' working distance. Prices range from about $500 to more than $3,500. Sighting and aiming methods vary from simple aiming notches to enclosed illuminated reticles. There are instruments with extremely narrow fields of view (0.5°) that include a rifle stock and telescopic sight. Most instruments in this group incorporate emissivity adjustments and some include microcomputers with limited memory. Most are available with a recorder output, although this feature is seldom used. A meter is always provided and, with one exception that reads in BTU/Sq. Ft./Hr., the readout is always in temperature units;.'-Analog displays are still available, although decreasing in popularity. Digital readouts featuring LED's were first introduced about 7 years ago, but the LCD display, introduced more recently, is more in demand, mainly because its tiny power drain extends battery life. For this reason the more recent instruments offer replaceable rather than rechargeable batteries and battery life approaches one year. Most instruments in this group have zeroing adjustments, but some of the newer instruments include auto-zeroing features. Temperature ranges are, typically, from -20 to 2000° F. Temperature sensitivity and readability are usually 1° or 1% of scale, although sensitivities on the order of 0.1° F. are achievable.
On-line (Monitoring and Control)
The one feature that distinguishes this instrment group from the others is dedicated use. The instrument is generally mounted where it can measure the temperature of one specific target, and remains there for the life of the instrument or the process. With few exceptions, these instruments operate on line power. The output signal of the instrument can be observed on a meter, used to operate a switch or relay, feed a simple or sophisticated process control loop, or be used in any combination af these.
Early on-line instruments consisted of an optical sensing head and an electronics/ control readout unit at the other end of an interconnecting cable. This configuration still exists to a great extent, but many of the newer units feature sensing heads that are more stable electronically, and hence more independent of the remote control units. The trend is for these new sensors to mate with universal indicator/control units that accept inputs from all kinds of industrial sensors.
Manufacturers offer sensing head features such as variable or fixed focus, sighting tubes "light pipes ", water -coolable housings, air purge fittings, air curtain devices and see -thru aiming with target-defining reticles. The "Shopping List" for the indicator /controller unit might include digital output, BCD coded output, analog output, single, double, or proportional set point, rate signals, sample and hold, peak or valley sensor and datalogger interface. Emissivity controls, located in a prominent place on a general purpose instrument, are more likely, on these dedicated units to be located behind a bezel on the sensor, where they are set one time and locked.
Spectral characteristics are worth mentioning separately, although, technically, they are part of the sensing head "Shopping List ". The spectral interval over which the sensing head operates is selected to optimize the signal from the target, to reduce or eliminate the effect of an interfering energy source, or to enable the instrument to measure the surface temperature of thin films of material that are mostly transparent to infrared energy. This last application has made these instruments important factors in the manufacture of thin film plastics and glass. Two -color or contrast pyrometers are one special case of on -line instrument. these are particularly useful in high temperature applications, in measuring small targets. The emissivity of the target need not be known providing it is constant and reflections are controlled. Also the target need not fill the field of view providing the background is cool, constant and uniform.
Another special case is the fiber optic -coupled thermometer, where inaccessable targets can be measured by replacing the optic with a flexible or rigid fiber optic bundle. This, of course, limits the spectral performance, and hence the temperature range to the high end, but it has allowed temperature measurements to be made when , previously, none were possible.
The infrared microscope is a third special case. This instrument is configured like a conventional microscope and, through the use of reflective microscope objectives, and beam splitters, enables the operator to simultaneously view and measure targets down to 0.0003" in diameter to within 0.5° F.
Prices of instruments in this group vary from about $1,000 for an "infrared switch ", to more than $13,000 for infrared microscopes and on -line instruments loaded with many control features. Generally speaking, the price goes up when sensitivity, small spot size and speed of response are all required, and, of course, when many "Shopping List" items are added.
B. Line Scanner
Aside from the aerial mappers which combine the motion of the aircraft with a single line scanning device, and thus produce a thermal strip map, the only commercially available line scanner is the Barnes ThermATrace. This instrument superimposes an LED -produced single line analog trace over a visible color image of the entire target area. The operator selects the line to be scanned by aiming the instrument's horizontal center line. Unlike most thermal viewers (see next section) absolute temperatures are obtainable with this device. Recording is by Polaroid SX70 directly through the eyepiece. The price is about $9,000 including accessories.
Good applications for the line scanner include electrical switchgear and transmission lines, plumbing systems trouble -shooting and web process profiling. This instrument has no recorder output and is, therefore not suitable for control applications or image analysis. Since part of the display is the visible scene, auxiliary illumination (portable floodlight accessory) is available as an option when adverse lighting conditions are encountered.
C. Thermographic Instruments 1. Thermal Viewers Thermal Viewers are inexpensive ($10,000 to $14,000 ) battery powered scanning instruments producing a qualitative image of the thermal distribution over the surface of a target. The battery packs are rechargeable and usually provide 2 -3 hours of continuous operation. These are one piece , lightweight instruments designed to be simple to operate. The first thermal viewers required cryogenic cooling of the detector elements accomplished by means of a small tank of compressed argon. Newer units feature thermoelectric detector cooling provided by a battery powered cooler. Thermal viewers were not designed for absolute temperature measurements, but they can demonstrably sense temperature differences of tenths of degrees. Some manufacturers have modified thermal viewers and introduced absolute temperature references so that absolute measurements are possible. This generally requires an additional box, however and diminishes the portability that defines the instrument group. (It also increases the price) . Thermal viewers operate most effectively with cooler targets (0-200 °F.) but, through the use of optical attenuators, can be used for targets up to 2000 °F.
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Manufacturers offer sensing head features such as variable or fixed focus, sighting tubes "light pipes", water-coolable housings, air purge fittings, air curtain devices and see-thru aiming with target-defining reticles. The "Shopping List" for the indicator/controller unit might include digital output, BCD coded output, analog output, single, double, or proportional set point, rate signals, sample and hold, peak or valley sensor and datalogger interface. Emissivity controls, located in a prominent place on a general purpose instrument, are more likely, on these dedicated units to be located behind a bezel on the sensor, where they are set one time and locked.
Spectral characteristics are worth mentioning separately, although, technically, they are part of the sensing head "Shopping List". The spectral interval over which the sensing head operates is selected to optimize the signal from the target, to reduce or eliminate the effect of an interfering energy source, or to enable the instrument to measure the surface temperature of thin films of material that are mostly transparent to infrared energy. This last application has made these instruments important factors in the manufacture of thin film plastics and glass. Two-color or contrast pyrometers are one special case of on-line instrument, these are particularly useful in high temperature applications, in measuring small targets. The emissivity of the target need not be known providing it is constant and reflections are controlled. Also the target need not fill the field of view providing the background is cool, constant and uniform.
Another special case is the fiber optic-coupled thermometer, where inaccessable targets can be measured by replacing the optic with a flexible or rigid fiber optic bundle. This, of course, limits the spectral performance, and hence the temperature range to the high end, but it has allowed temperature measurements to be made when , previously, none were possible.
Prices of instruments in this group vary from about $1,000 for an "infrared switch", to more than $13,000 for infrared microscopes and on-line instruments loaded with many control features. Generally speaking, the price goes up when sensitivity, small spot size and speed of response are all required, and, of course, when many "Shopping List" items are added.
B. Line Scanner
Aside from the aerial mappers which combine the motion of the aircraft with a single line scanning device, and thus produce a thermal strip map, the only commercially available line scanner is the Barnes ThermATrace. This instrument superimposes an LED-produced single line analog trace over a visible color image of the entire target area. The operator selects the line to be scanned by aiming the instrument's horizontal center line. Unlike most thermal viewers (see next section) absolute temperatures are obtainable with this device. Recording is by Polaroid SX70 directly through the eyepiece. The price is about $9,000 including accessories.
Good applications for the line scanner include electrical switchgear and transmission lines, plumbing systems trouble-shooting and web process profiling. This instrument has no recorder output and is, therefore not suitable for co-ntrol applications or image analysis. Since part of the display is the visible scene, auxiliary illumination (portable floodlight accessory) is available as an option when adverse lighting conditions are encountered.
C. Thermographic Instruments 1. Thermal Viewers Thermal Viewers are inexpensive ($10,000 to $14,000 ) battery powered scanning instruments producing a qualitative image of the thermal distribution over the surface of a target. The battery packs are rechargeable and usually provide 2-3 hours of continuous operation. These are one piece , lightweight instruments designed to be simple to operate. The first thermal viewers required cryogenic cooling of the detector elements accomplished by means of a small tank of compressed argon. Newer units feature thermoelectric detector cooling provided by a battery powered cooler. Thermal viewers were not designed for absolute temperature measurements, but they can demonstrably sense temperature differences of tenths of degrees. Some manufacturers have modified thermal viewers and introduced absolute temperature references so that absolute measurements are possible. This generally requires an additional box, however and diminishes the portability that defines the instrument group. (It also increases the price) . Thermal viewers operate most effectively with cooler targets (0-200 F.) but, through the use of optical attenuators, can be used for targets up to 2000 0 p.
Typically, the area scanned (field of view ) of thermal imagers is from 6 to 8 degrees high and from 12 to 18 degrees wide, with spatial resolution (instantaneous spot size) of 2 milliradians ( 0.1" at 5 feet). Recording is accomplished by through-the -eyepiece recording using either conventional or Polaroid film.
Applications for thermal viewers fall into virtually all the areas listed in Table  3 . but are limited to why the temperature measurements are not critical and recording quality need not be optimum. The combination of a thermal viewer (to locate thermal anomalies) and a hand -held thermometer (to quantify them) is a powerful and costeffective one. Thermal viewers are particularly useful in tight spaces or, conversely, when a sizable area must be traversed and user fatigue becomes a factor.
Pyrovidicon Imagers
Pyrovidicon imaging systems are not unlike home videorecording systems except that the camera tube is a pyroelectric vidicon (pyrovidicon) rather than a conventional vidicon, and records target radiation in the infrared rather than the visible spectrum The significant difference is that the pyrovidicon has no DC response; that is, if the camera is not continuously panned over the target, or the collecting beam optically "chopped ", the image fades from the screen. Aside from the tube, which is rather cost+ ly, and the lens, which is generally germanium and also costly, these systems utilize commercially available television equipment and recording accessories. the price of a a complete pyrovidicon recording system is as low as $ 13,000.
By comparison with other infrared imaging systems, the picture quality and resolution are good, approaching conventional TV format. The thermal image can be viewed or videotaped with equal convenience, and no cooling is required. The requirement for continuous target panning can be made less objectionable by the ability to play back an image and freeze the frame for detailed image inspection. Mechanical "chopper" options are offered by mostinstrument manufacturers, but, except for the very costly "synchronous choppers ", they degrade image quality and thermal resolution. Pyrovidicon systems do not offer absolute measurement capability, but a thermal profile feature, available on some units, provides an analog of the center scan line displayed to the side of the image. Thermal resolution of these instruments is between 0.2 and 0.4 0F. in panned mode and double that (half as good) in "chopped" mode.
Pyroelectric vidicon systems are particularly well suited to moving targets, airborne scanning and distant measurements. They operate well in the 8 -14 umeter atmospheric window. They are a bit bothersome to use on very hot targets, even though optical attenuation is provided, because care must be taken to minimize temporary depoling of the tube element and the attendant inconvenience of waiting for repoling to take place. Operating costs are very low since common, erasable videocasettes are are used for recording purposes. tapes can be monitored on ordinary television sets.
Thermal Raster Scanners
Thermal raster scanners are the "top of the line" instruments of the thermographic category. Base prices range from $ 25,000 to $ 30,000 for single -element detector scanners and up to $ 70,000 for dual or multi -element detector scanners (Commercial FLIR systems). Without exception, cryogenic detector cooling is required and liquid nitrogen is used to accomplish this. Two dimensional scanning is accomplished by use of oscillating mirrors, spinning prisms, or a combination of both. Refractive systems (spinning prisms) are more compact, operate more quietly and are more easily sealed. Reflective systems ( oscillating Mirrors) are spectrally non -restrictive, offer more scanning versatility and have less throughput energy loss.
These instruments feature absolute temperature measurement, excellent spatial resolution ( 1 milliradian) and thermal resolution (close to 0.1°F .) Presently almost all manufacturers offer isotherm features, spectral filtering, color monitors, computer compatable image processing systems and flexible videorecording capabilities. Innovative software is being developed and improved upon, for detailed image and thermal data analysis. Most systems in use today feature compact field portable batteryoperable sensing heads and display units. A complete system including a battery and a videorecorder can usually be handled by one person, by either mounting the components on a cart or assembling them on a personal harness arrangement.
Special purpose systems are not so configured. The Barnes Infrared Microimager is a bench top system designed for the thermal examination of microcircuit chips and other small targets. The Hughes TIP 1400H and the UTI CCT 9000 are intended for the inspection of printed circuit boards and similar targets , and are configured accordingly. 242 Typically, the area scanned (field of view ) of thermal imagers is from 6 to 8 degrees high and from 12 to 18 degrees wide, with spatial resolution (instantaneous spot size) of 2 milliradians ( 0.1" at 5 feet). Recording is accomplished by through-the-eyepiece recording using either conventional or Polaroid film.
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A. Spot Measuring 3. On -line-continued Several new features and new options have been touched upon in previous sections. the most recent of these will be highlighted in this section.
In the point sensing category, the probe sensor suitable for mating with a conventional multimeter was introduced by Linear Laboratories. IR -Onics and Testaterm offer similar units.
Telatemp and Everest offer laser and light beam aiming accessories similar to the feature offered by Mikron on some of its hand -held models. Several manufacturers added linearized outputs to their on -line units and more high quality modular sensors have become available.
In the imaging category, several manufacturers have married thermal viewers to video recording interfaces at a selling price somewhat lower than that of conventional raster scanners. Reports on the performance of these systems have been mixed. Pyrovidicon systems have come down slightly in price, reflecting the somewhat reduced costs of lenses and tubes.
Image processing computers and interfaces, introduced last year by several raster scanner manufacturers, have increased in versatility through the development of more advanced and "user friendly" software. The utilization of RGB color monitors in playback systems has also improved the purity of recorded images for detailed analysis. Several new features and new options have been touched upon in previous sections, the most recent of these will be highlighted in this section.
In the point sensing category, the probe sensor suitable for mating with a conventional multimeter was introduced by Linear Laboratories. IR-Onics and Testaterm offer similar units.
Telatemp and Everest offer laser and light beam aiming accessories similar to the feature offered by Mikron on some of its hand-held models. Several manufacturers added linearized outputs to their on-line units and more high quality modular sensors have become available.
Image processing computers and interfaces, introduced last year by several raster scanner manufacturers, have increased in versatility through the development of more advanced and "user friendly" software. The utilization of RGB color monitors in playback systems has also improved the purity of recorded images for detailed analysis. 
